We present precise results for the binding energies and sizes of the He + ion moving accross a strong pulsar-type magnetic eld. Similarly to the previously studied case of hydrogen, the ion is strongly deformed by the action of the motion-induced Stark forces. Unlike the case of the neutral hydrogen atom, whose transverse motion gives rise {for every discrete state of the non-moving atom{ to a continuum of displaced energy states with changing transverse momentum, transverse motion of the He + ion gives rise to a discretely spaced energy spectrum. A quantitative understanding of this problem and related opacities is central in modeling neutron star atmospheres, and it will help in the interpretation of thermal emission from radio pulsars.
Introduction
Motivated by the recent success in detecting the soft X-ray emission from rotation powered pulsars 1,2], a massive e ort has been invested in modeling detailed emitted spectra and their expected anisotropy 3{6]. Studying atomic properties and obtaining reliable opacities turned out to be a substantial part in this e ort, especially for high values of the magnetic eld, B 10 11 ? 10 13 G. The principal e ect which had to be taken into account rigorously is allowance for the atomic motion across the magnetic eld. For the simplest atom, hydrogen, it can dramatically alter the atomic energy specrtum 7, 8] and radiative transitions 8{11]. As a result, thermal motion of atomic hydrogen (at temperatures 10 5 ? 10 6 K) drastically changes the photosphere's emission and absorbtion characteristics 12, 13] .
Extending these considerations to hydrogenic ions in strong magnetic elds is straightforward only in the in nite nucleus mass approximation 14]. where one can exploit the scaling laws of 1 Submitted to Phys. Rev. A, Sept. 1997 the energies and oscillator strengths of the one-electron Coulomb problem in the presence of a magnetic eld. However, to evaluate quantitatively e ects of center-of-mass (CM) motion on the properties of such systems, one faces a severe new obstacle which has been addressed by many authors starting with 15] . The di culty is that the CM motion of the atom across the magnetic eld cannot be separated from the relative motion if the atom's charge di ers from zero. Therefore, even in the simplest case of a hydrogenic ion (two-body system) the problem of searching for the ion eigenstates cannot be reduced to solving a one-particle Schr odinger equation that describes the relative electron-to-nucleus motion. To overcome this di culty, an approximate separation of the CM and relative motions of the charged system has been suggested in 16]. This approach was further developed to obtain CM corrections for low-lying energy levels of hydrogenic ions in a magnetic eld 17]. For highly excited states, the e ect of the coupling of the CM and internal motions on the classical dynamics of moving ions was investigated in 18]. Accurate quantum calculations of the hydrogen-like ion eigenstates including e ects of the CM motion across the magnetic eld are nevertheless still not available.
A reliable numerical method to determine the eigenstates of a complicated quantum system invokes multi-con gurational Hartree-Fock (MCHF) computations 19] . For the hydrogenic ion moving in a magnetic eld, such a method has not yet been employed, mainly due to the absence of appropriate Hartree-Fock basis states. A convenient two-particle basis set was suggested in 20]. It is constructed from Landau functions describing motion of single charges ascross the magnetic eld and represents the eigenstates of the non-interacting electron and nucleus. The basis functions are also eigenfunctions of two integrals of motion which remain exact and commuting with each other in the presence of the Coulomb interaction between the charges. This set is most useful for strong magnetic elds, when Z = =Z 2 1, where = a 2 0 =a 2 m = B=B 0 , a 0 is the Bohr radius, a m = p c h=(eB) is the magnetic length, and B 0 = m 2 e 3 c= h = 2:35 10 9 G. We report here results of MCHF computations for the He + energy states obtained by exploiting these basis states (Sec. 2). We also develop a simple perturbational treatment of the nite nucleus mass e ect (Sec. 3). We start with a brief description of the main quantum mechanical operators related to the problem (Sec. 1), and give the conclusions in Sec. 4.
Basic operators
Let us consider a system of two particles with masses m ? and m + and charges ?e and Ze (e > 0, Z > 1), respectively, moving in an uniform magnetic eld B = (0; 0; B). The particle longitudinal and transverse coordinates will be denoted by z and r , and the conventional notations, M = m ? + m + and = m ? m + =M, will stand for the total and reduced masses.
We neglect the contribution of spin terms to the total two-particle Hamiltonian and adopt the cylindrical gauge, A(r ) = (1=2)B r , for the vector potential. Since the CM motion along B is free and can easily be separated, our problem reduces to searching for eigenstates of the 
The corresponding eigenvalues are given by
where N 0 and L are integer nubers, N 0 is non-negative. Finally, in addition to P 2 0 and L z , the parity of the states is also an integral of motion. We denote the corresponding quantum number as = 1.
MCHF approach
To apply the MCHF approach for calculation of the eigenstates of the Hamiltonian (1), one needs appropriate Hartree-Fock basis states. If the magnetic eld is so strong that Z 1, 
as the superposition of products of the Landau functions
In Eqs. (7){ (8) 
where E is an eigenvalue of the Hamiltonian (1) (it di ers from the total energy of the system by the additive term of kinetic energy of the CM motion along the magnetic eld), and V (N) n 0 ? ;n 0 + ;n?;n+ (z) = hN 0 ; L; n 0 ? ; n 0 + jV C jN 0 ; L; n ? ; n + i (12) { 5 { is a longitudinal e ective potential. As explicitly shown in 20], these potentials, and hence the functions g(z), depend not on N 0 and L separately, but on their sum, N = N 0 + L, a principal quantum number of the collective motion, which can be used for enumerating the energy levels.
The total two-particle wave function (10), however, does depend on an additional (to N) quantum number of the collective motion (N 0 or L), and the energy levels are in nitely degenerate with respect to this additional quantum number, which is associated with an arbitrary location of the ion. Numerical schemes for solving the coupled equations like (11) are available in the literature (see, e.g., 21, 19, 8] ). We developed a numerical code which is similar to that described in 8] and computed discrete energy states for the He + ion moving in the magnetic eld B = 1:88 10 13 G corresponding to Z = 2000. Such a large value allows us to consider n ? as a \good" quantum number (largest binding energies are small compared to the electron cyclotron energy at Z ln 2 Z ), so that we can put n ? = 0 in Eqs. (10) 
To facilitate the calculations of these integrals, we use the recurrence relations given in 22]. Most of the states we calculated are truly bound states for which E ? 0;n+ ? E > 0 for all the possible n + -channels. Exceptions are a few quasibound states which were computed neglecting a (minor) contribution of the channel n + = 0.
In this paper we concentrate on the so-called tightly-bound states which, for the ion with in nite-mass nucleus, are known to have largest binding energies. The corresponding solutions of (11) have no nodes, and their parity is positive, = +1. At a given N, the number of independent solutions describing the discrete eigenstates concides with the number of terms included into the expansion (10). We can enumerate the corresponding energy levels by a quantum number s in ascending order. Since we include only the basis states with n ? = 0, it is convenient to start enumerating the energy levels from s = 0 for the lowest level. Then, when m + =m ? ! 1, s coincides with the negative of the magnetic quantum number m, the longitudinal projection of the angular momentum for the electron's motion relative to the static nucleus (see below). Notice also that since, at n ? = 0, the number of terms included into the expansion (10) cannot exceed N + 1 (full number of possible n + ?channels), the minimum possible value N min of the principal quantum number of the collective motion coincides with s.
In Fig. 1 we present the discrete energies for the nine lowest tightly-bound states plotted against N. We exclude from all the displayed energies the zero-point Landau energies for both (one-con gurational) approximation, when only one basis state is included in the wave function expansion. These basis states correspond to n + = s = 0; 1; : : :; 8 indicated near the curves, and they give the asymptotic behavior of ion's eigenenergies at large N.
It should be noted that if we put m ? =m + = 0 in the code, our MCHF computations reproduce the discrete eigenstates of the one-electron problem with a static Coulomb center. We have computed in this way the nine lowest tightly-bound states and dispaly the corresponding energy levels in Fig. 1 For low N, the discrete energies of the moving ion grow linearly with N. However, this oscillator-like behavior holds only for N below some critical value N c (growing with the number of the energy level), at which the neighboring levels approach each other. For higher N, the neighboring levels diverge from each other, thus exhibiting anticrossings at N N c , and then approach smoothly the adiabatic asymptotes. This means that when N increases beyond N c , the Coulomb binding becomes progressively less important, and the binding energy for the ground level tends to zero, whereas excited levels approach the threshold values, E ? 0;n+ ? E ? 0;0 = n + h! + lying in the continuum. Therefore, each excited level in Fig. 1 is subject to autoionization at su ciently large N; a similar behaviour has been found for the moving hydrogen atom. Note further that the dependence of the energy levels on N resembles the corresponding dependence for a neutral two-body system 7,8] on K 2 , the (continuous) eigenvalue of the squared total pseudomomentum P 2 0 .
In Figs. 2 and 3 , we show the mean squares of the ion's transverse, hr 2 i, and longitudinal, hz 2 i, sizes. They correspond to the energy states displayed in Fig. 1 . For the ground level, both hr 2 i and hz 2 i remain virtually constant at N < N c , sharply increase at N N c , and then grow linearly with N at N > N c . For the excited states, the ion sizes initially grow slowly with N at N < N c , then the ion \shrinks" (at N N c ), and then a fast spread of the electron cloud occurs at N > N c . A similar behavior was also observed for the neutral case 7, 8] , where at K below some critical value K c the atom remains \centered" (the electron cloud is localized around the nucleus), whereas the adiabatic asymptote corresponds to \decentered" states for which the electron cloud is shifted far away from the nucleus. This decentering is due to the motion-generated electric eld which acts upon electrons in the direction transverse to B and P 0 . For the charged system, which rotates as a whole along a quasi-circular orbit, this electric eld is directed along the radius of Fig. 1 ). Using these three energies, we obtain M ? =M = 1:13 for the ground level, and M ? =M = 1:77 for the rst excited level. The perturbation energies of these levels are shown in Fig. 1 by two long-dash straight lines. We see that they agree fairly well with the results of our MCHF computations at N < N c .
Discussion
We have demonstrated that the MCHF calculations of bound states of the moving He + ion with the use of the two-particle basis states proposed in 20] is an e cient approach for a broad range of the principal quantum numbers N when the magnetic eld is so strong that the \critical" quantum number N c is not too large. For N N c , the energies exhibit a linear increase with N, and the states can be calculated with a simple perturbational approach, whereas the (one-channel) adiabatic approximation can be used for N N c . With decreasing B, the number of channels which contribute signi cantly at N N c grows so that the calculations become much more time-consuming.
We have investigated the unusual behavior of the longitudinal and transverse sizes of the moving ions as a function of N and found that the sizes of excited states vary with N nonmonotonically, shrinking at N N c . With increase of N beyond N c , the squared sizes grow linearly. The behavior of sizes is important for studying dense plasmas in strong magnetic elds, when they determine the highest energy states which can be occupied by hydrogenic ions thus a ecting ionization equilibrium. The accurate computation of the He + eigenstates is intended for use in studying radiative transitions of this ion. Similar to the case of the neutral atom, the ion's motion across the magnetic eld changes the selection rules so that transitions forbidden in the limit of in nite nucleus mass become permitted. Moreover, since the transverse motion of the charged two-body system is quantized, a ne structure of the ion spectral lines and photoionization edges should appear when the ne structure components are narrower than the spacing between them. These e ects can be directly observed in the X-ray radiation from isolated neutron stars.
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